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A B S T R A C T   
Quantitative PCR (qPCR) and next generation sequencing (NGS) are nucleic acid based microbiology techniques 
that provide new insights into drinking water quality, but considerable uncertainty remains around their correct 
interpretation. We noticed the presence of bacterial DNA from various putative pathogens, including from faecal 
indicator bacteria (FIB), in disinfected water, when culturable FIB were absent. To understand these observations 
better we studied the effect of chlorination on conventional and DNA based microbial water quality assessments. 
Surface water chlorination reduced plate counts for various FIB by up to >6 log units, intact cell counts by flow 
cytometry by 3.3 log units, and 16S rRNA gene copies by qPCR by 1.5 and 1.6 log units for total bacteria and total 
coliforms, respectively. Nanopore sequencing of 16S rRNA amplicons with the portable MinION device revealed 
the DNA from several families containing putative pathogens appeared to be more resistant than that of other 
bacteria to degradation by chlorine disinfection. For instance, 16S rRNA genes assigned to the Enterobacteriaceae 
family, members of which are mostly the target of coliform tests, increased in relative abundance from 0.001 
0.0002% to 0.0036  0.003% after chlorine treatment. Hence, metagenomic drinking water data needs to be 
interpreted with caution. Plate counts and flow cytometry in combination with DNA based analysis provide more 
robust insight than NGS or qPCR alone.   
1. Introduction 
In low-income countries, a significant proportion of the population 
uses a wide range of drinking water sources, including water supplied 
through drinking water distribution systems (DWDS), commercially 
available bottled or jar water, and locally accessible water resources 
such as roof-collected rainwater, springs, wells and boreholes (Sobsey 
et al., 2003; Wright et al., 2004; Arnold and Colford Jr, 2007; Mohapatra 
et al., 2014; Kostyla et al., 2015; Acharya et al., 2019; Kumar et al., 
2020). Water other than from the distribution networks or available 
commercially if used for human consumption requires disinfection as a 
minimum treatment to destroy the pathogens contained (Werner et al., 
2016). Without appropriate water disinfection, various types of serious 
waterborne diseases, including diarrhoea, typhoid and cholera can 
become endemic and a severe threat to public health (Walton and Ivers, 
2011; Oliveira et al., 2020). 
According to the WHO, an estimated at least 2 billion people globally 
are still drinking water sources contaminated with faecal matter (WHO, 
2019). Households sometimes disinfect the water intended for human 
consumption at the point of use (POU), especially with UV light (Lui 
et al., 2016) or chlorine at a dose of 2 mg/L (McLaughlin et al., 2009). 
Furthermore, POU chlorination plays a major role in providing safe 
drinking water in many rural areas, and helps to significantly inactive 
majority of waterborne pathogens and reduces the mortality due to 
diarrhoea (Mohamed et al., 2015). However, in these settings, the 
quality of water is typically not routinely monitored, and insufficient 
information is available for the sound protection of public health 
(Wright et al., 2004). Therefore, innovative methods for surveying water 
quality in such settings are urgently needed. The effectiveness of the 
treatment and microbial quality of drinking water is conventionally 
assessed using culture-based methods (Fewtrell and Bartram, 2001). 
Culture-based isolation and enumeration of faecal indicator bacteria 
(FIB), like total coliforms and Escherichia coli, are regarded as the current 
“gold standard” in the assessment of the microbial safety of finished 
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drinking water (APHA, 2015). However, culture independent methods 
such as Next Generation Sequencing (NGS) and quantitative polymerase 
chain reaction (PCR) are increasingly being recognized as having great 
potential in faecal pollution source tracking and water safety assess-
ments. Several studies have applied NGS techniques, especially 16S 
rRNA amplicon sequencing, to evaluate the microbial community in 
drinking water (Eichler et al., 2006; Revetta et al., 2010; Pinto et al., 
2012; Chao et al., 2013; Liu et al., 2016; Brandt et al., 2017; Zhang et al., 
2017; Wang et al., 2018; Acharya et al., 2019). Recently, we compared 
the use of a range of conventional and molecular microbiology methods, 
including nanopore sequencing with the portable memory-stick sized 
MinION device, for surveying water quality in the Kathmandu Valley, 
Nepal (Acharya et al., 2019). The study demonstrated the enhanced 
robustness of water safety assessment when using molecular and con-
ventional methods in combination. While the agreement between 
culturing and molecular methods was generally good, it was observed 
that DNA from FIB can be present in disinfected water samples, which 
passed “no coliform” tests with the traditional plate count methods. It is 
often assumed that environmental DNA is representative of that found in 
viable organisms. For example, NGS has been used to screen for the 
presence of E coli and other putative pathogens in drinking water from 
distribution systems (Batista et al., 2018; Wang et al., 2018). However, 
finished drinking water is known to contain dead bacteria, extracellular 
DNA and fragmented DNA (McDonnell and Russell, 1999; Nielsen et al., 
2007; Gray et al., 2013). For instance, Alvarez et al., who studied the 
stability of plasmid DNA in distilled, tap, marine and river water found 
that DNA remained stable for up to 5 days at room temperature in the 
former two waters, while in latter two waters, it could only be detected 
for up to 24 h (Alvarez et al., 1996). Similarly, heat killed cells sus-
pended in autumnal seawater and summer sea water were detected, 
respectively, for up to 55 and 10 days (Dupray et al., 1997). As a result, 
there can be a poor correlation between DNA copies and results from 
culture-based techniques or techniques enumerating cell abundance 
(Tan et al., 2015; Batista et al., 2018). Nonetheless, information ob-
tained from DNA in disinfected water can be valuable to water pro-
viders, authorities and consumers, as it may indicate vulnerabilities of 
water provision systems that rely on disinfectant residuals for safe-
guarding (Batista et al., 2018). However, to properly interpret such data, 
it is imperative to understand how disinfection affects DNA based mo-
lecular microbiology analyses. No previous studies have used NGS, 
qPCR, and flow-cytometry in parallel to robustly understand the impact 
of disinfection on microbial analysis outcomes. In this study, we there-
fore sought to address the following research questions; 1) How do data 
obtained with a range of microbial water quality assessment methods 
(culture-based, flow cytometry, qPCR and NGS) compare when assessing 
water before and after disinfection with chlorine? 2) What is the impact 
of chlorination on the water microbial community structure derived 
from DNA-based molecular methods such as 16S rRNA NGS? 3) What 
strategies need to be adopted to more robustly interpret molecular data 
obtained from disinfected systems? To answer these questions, we first 
analysed and compared real-world drinking water samples collected 
from various parts of the globe using both traditional and molecular 
microbial methods. To further enhance our understanding, we then 
studied experimentally the impacts of chlorination on the detection of 
FIB and putative pathogens in surface water, as many people in devel-
oping countries use local surface water as a source of their drinking 
water. 
2. Material and methods 
2.1. Collection of water samples and chlorination 
To understand typical characteristics of DNA signatures in real-world 
drinking water samples from different parts of the globe, grab sampling 
were performed. A tap water sample from the UK (UK_TW), bottled 
drinking water samples from Tanzania, Nepal, Thailand and Malaysia 
(Tanz_BDW_1, Tanz_BDW_2, Tanz_BDW_3, Nepal_BDW1, Nepal_BDW2, 
Thailand_BDW1, Thailand_BDW2, Malaysia_BDW1 and Malay-
sia_BDW2), and water disinfected at the point of use in Nepal (Nepal_-
PUD) were analysed. The Nepalese drinking water sample data has 
already been reported in our previous publication (Acharya et al., 2019) 
and is included here for comparison. The bottled drinking water samples 
were bought from local vendors of the respective countries. Prior to 
collecting the tap water, the outlet of the tap was sterilized using 70% 
ethanol and flamed with a burning cotton swab, and water was then 
allowed to flow directly into the sterile bottle. 
For the disinfection experiments, 2 L of pond water from the UK 
(TOC was 90  1.5 mg/L) were collected in two sterile 1 L bottles. This 
pond in Northumberland is inhabited by waterfowls and fed by water 
running off a large meadow with cattle grazing, and was previously 
shown to be influenced by FIB detected by plate counts. We have pre-
viously used water from this pond to assess disinfection by-product 
formation in point-of-use water disinfection, and additional water 
quality and contextual information is available in that publication 
(Werner et al., 2016). During the sampling, the lid of the sterile bottle 
was opened and closed aseptically, and bottles were rinsed thoroughly 
with the lake water before sample collection. The collected samples 
were processed within 30 min. A portion of the collected pond water was 
chlorinated with a chlorine tablet (each tablet contains 8 mg of chlorine) 
(LiFESYSTEMS, UK) to mimic point-of-use treatment. 500 mL of pond 
water was transferred in a 1 L sterile glass bottle in triplicate. One-fourth 
of a chlorine tablet (i.e. 2 mg) was added to each bottle (i.e. 4 mg/L) and 
incubated at room temperature and shaken at 150 rpm in an incubator 
(Multitron Pro, INFORS HT, UK) for 30 min. The applied dose of chlorine 
reflects the actual practise to disinfect water from different surface 
sources at household level, while this dose is also instructed by manu-
facturers for disinfecting turbid surface water (Lantagne, 2008; CDC, 
2009). In addition, this dose is deemed suitable to maintain the free 
residual chlorine concentration of 0.2 mg/L in the stored household 
water (WHO, 2017). However, the free residual chlorine was not 
quantified in this study. 
2.2. Microbial water quality analysis 
Total coliform, faecal coliform and faecal streptococci in water 
(drinking water, chlorinated lake water and untreated pond water) were 
determined by membrane filtration, while heterotrophic bacteria were 
counted with plating following Standard Methods for the Examination of 
Water and Wastewater (APHA, 2015). 100 mL of water were filtered 
through 0.22 μm membranes (Sartorius UK Limited, Surrey, UK) and 
immediately stored at   20 C to preserve the membrane for subsequent 
molecular microbiology. The total DNA from the retained biomass in the 
membrane was extracted using a PowerWater DNA Isolation Kit as per 
manufacturer’s instruction (QIAGEN, Crawley, UK). DNA purity was 
determined using a DS-11 FX Spectrophotometer/Fluorometer 
(DeNovix, Delaware, USA), while the concentration was measured using 
Qubit dsDNA HS Assay Kit (Life Technologies, UK). 30 ng of DNA was 
used to build a 16S rRNA prokaryote gene sequencing library for 
nanopore sequencing using a 16S Barcoding kit (SQK-RAB204 from 
Oxford Nanopore Technologies (ONT), Oxford, UK) as per the manu-
facturer’s instructions and loaded onto a MinION sequencing apparatus 
flow cell (R9.4.1, FLO-MIN106). Please refer to Table 1 for more infor-
mation about the primers used for 16S rRNA amplicon sequencing with 
the MinION. The flow cell was placed into the MinION sequencing de-
vice and controlled using ONT’s MinKNOW software. The sequencing 
run was performed for 24 h. The raw reads (i.e. HDF5 raw signals) were 
base-called (i.e. converting the electrical signals generated by a DNA or 
RNA strand passing through the nanopore into the corresponding base 
sequence of the strand) with Albacore (Version; v2.3.3) software (ONT, 
Oxford, UK) producing . fastq files. Base-called data were then uploaded 
to the EPI2ME interface, a platform for cloud based analysis of MinION 
data, and data interpretation was performed with the FASTQ 16S 
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workflow (for quality filtering, a quality score  7 was used). The FASTQ 
16S workflow [rev.2.1.1] analysis revealed the taxonomic classification 
of base-called reads along with their frequency. For further sequencing 
data analysis, the CSV file containing information on run, read IDs and 
accuracy, and matched NCBI taxa IDs for classified reads was down-
loaded from EPI2ME and processed using Matlab © scripts provided 
elsewhere (Acharya et al., 2020). Finally, the sequencing libraries were 
rarefied at 35,000 reads per sample, and multivariate statistical analysis 
was performed for OTUs classified to genus level using Matlab © for 
cluster and principal component analysis with Euclidean distance as the 
similarity metric. 
Real time PCR assays (qPCR) were performed to quantify the number 
of target genes on a BioRad CFX C1000 system (BioRad, Hercules, CA 
USA) using the primers shown in Table 1. For quantification of the target 
genes, 2 μl template DNA was used in a reaction mixture containing 5 μL 
2  SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), 500 nmol 
L  1 of each forward and reverse primer, and molecular grade H2O 
(Invitrogen, Life Technologies, Paisley, UK) to a final volume of 10 μL. 
Reaction conditions for quantification of each target gene were 98 C for 
3 min (1), then 98 C for 15 s, and the Primer Annealing Temperature 
(Ta) for 60 s (Table 1) (40 cycles). Standard curves were constructed 
using the synthesized nucleotide sequence of the target gene (Invi-
trogen, Life Technologies, Paisley, UK), and generated every time a 
qPCR analysis was performed, in parallel with the amplification of test 
samples. Serial dilution (10-fold) of the standards was performed to 
obtain standard solutions in the range of 108–101 target gene copies/μL. 
All samples were run in triplicate and molecular grade H2O replaced the 
template in control reactions. In order to avoid inhibitor effects, DNA 
samples were diluted to a working solution of 5 ng/uL. 
2.3. Enumeration of bacterial cells with flow cytometry 
To distinguish bacterial cells with intact and damaged membranes in 
chlorine treated and untreated samples, the water samples were stained 
with SYBR Green I (1:1000 dilution of commercial stock; Invitrogen, 
USA; λex  495 nm, λem  525 nm) diluted in dimethyl sulfoxide (DMSO; 
Merck, Germany) and 5 μL mL  1 Propidium Iodide (PI, stock solution 
concentration 1 mg mL  1; Invitrogen, USA; λex  536 nm, λem  617 
nm). Water samples were diluted with sterile Phosphate Buffered Saline 
(PBS, 8 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na₂HPO₄, 0.2 g/L KH₂PO₄; pH 
7.3) to achieve an event rate between 200 and 800 bacteria s  1 and 
avoid coincidence (i.e. two or more bacteria and/or particles being 
simultaneously within the sensing zone). Diluted samples were then 
stained with SYBR I and PI using the protocol of Hammes et al. with 
some modification (Hammes et al., 2012). Briefly, bacterial cells were 
stained with 10 μL mL  1 SYBR Green I and 5 μL mL  1 Propidium Iodide, 
incubated in the dark at 37 C for at least 15 min just before measure-
ment in FACScan flow cytometer. SYBR-I is capable of staining all cells, 
whereas the polarity of PI allows it to penetrate only the cells with 
permeabilised membranes, characteristics of damaged cells (Falcioni 
et al., 2008). In damaged cells, simultaneous staining with SYBR I and PI 
activates energy transfer between the fluorochromes. As, a consequence, 
viable bacteria emit green fluorescence, while damaged bacteria emit 
red fluorescence. The bacterial cells in the stained water samples were 
quantified using FACScan flow cytometer (Becton Dickinson, California) 
equipped with a 15-mW 488-nm air-cooled argon-ion laser and a stan-
dard filter setup, according to protocol mentioned elsewhere (Vignola 
et al., 2018a, 2018b). 
3. Results 
3.1. Microbial analysis of real-world drinking water samples 
None of the drinking water samples showed any evidence of cul-
turable faecal indicator bacteria, which included coliform (both faecal 
and total coliform), faecal streptococci and heterotrophic bacteria 
(Table S1). These water samples were therefore considered fit for con-
sumption according to WHO and local drinking water regulations for 
microbial water quality (WHO, 2017). However, DNA from bacteria, 
including FIB, was detected in a few of the samples, and sometimes in 
significant gene copy numbers, when analysed with DNA-based methods 
including qPCR (Fig. 1a) and MinION_NGS (Fig. 1b). The observed 
discrepancy would arise if coliform bacteria were inactivated by the 
disinfection, but inactivated cells and/or their DNA were still present in 
the bottled or tap water. The implication is that some of the water 
sources used for processing or manufacturing the drinking water were 
likely contaminated with faecal bacteria, but water was rendered fit for 
consumption by disinfection. 
3.2. Effect of chlorination on cultivable cell counts in surface water 
The effect of chlorine disinfection on different groups of bacteria, 
including faecal indicator bacteria, was assessed using plate count 
methods (Fig. 2). In line with the results of real-world drinking water 
samples, no cultivable coliforms, neither faecal nor total, were observed 
on the membrane inoculated with chlorine treated water, while signif-
icant numbers of coliform bacteria of both types were detected in un-
treated water. Similarly, faecal streptococci, which are used as an index 
of faecal pollution in recreational water, were not observed in the 
chlorine treated water, while significant numbers of cultivable strepto-
cocci were present in untreated water. Additionally, the plates with 
disinfected water were devoid of cultivable heterotrophic bacteria. 
These results suggest that the disinfected water would pass current 
regulatory standards for drinking water microbial quality. 
3.3. Effect of chlorination on intact and damaged cell numbers 
determined by flow-cytometry 
In order to enumerate bacterial cells with intact and damaged 
membranes in the water samples before and after disinfection, flow- 
cytometry was used in combination with live-dead stains (i.e. SYBR 
Green I and Propidium Iodide [PI]), and results are presented in Fig. 3. 
The total cell counts (intact plus damaged cells) in chlorine treated 
water [10% intact cells and 90% damaged cells] were significantly lower 
(230-fold) than in untreated water [79% intact cells and 21% damaged 
cells] (t-test, two-tailed, p < 0.05). The concentration of bacterial cells 
with intact membranes decreased significantly (i.e. 2000-fold) after 
chlorine treatment (t-test, two-tailed, p < 0.05), but decreased much less 
than for example the cultivable heterotrophic bacteria (up to > 106 
fold). Furthermore, the concentration of damaged bacterial cells was 
Table 1 
Real-time qPCR primers for different genetic markers.  
Target Organisms Primer Sequence (5’≫>30) Annealing Temperature 
(Ta) 
Amplicon size 
(bp) 
Reference 
Total Bacteria (16S rRNA); qPCR 1055 F ATGGCTGTCGTCAGCT 60 C 337 Harms et al. (2003) 
1392 R ACGGGCGGTGTGTAC 
Total Coliform (designed based on 16S rRNA 
gene); qPCR 
Eco1457F CATTGACGTTACCCGCAGAAGAAGC 60 C 190 Bartosch et al. (2004b) 
Eco1652R CTCTACGAGACTCAAGCTTGC 
16S rRNA amplicon sequencing; MinION 27F AGAGTTTGATCMTGGCTCAG 55 C 1500 Oxford Nanopore 
Technologies, UK 1492R CGGTTACCTTGTTACGACTT  
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significantly higher (i.e. 9-fold) than intact bacterial cells in chlorine 
treated water, while in untreated water undamaged bacterial cells were 
4-fold higher than damaged bacterial cells (t-test, two-tailed, p < 0.05). 
Overall, flow cytometer cell count results indicated that chlorination 
was able to significantly damage the cell membrane of most bacteria 
present in the water. However, a notable fraction of cells (10%) were 
still categorized as cells with intact membranes in chlorine treated 
water, but there was no evidence that any of those cells were culturable, 
as shown by the plate count assays. 
3.4. Effect of chlorination on gene copy numbers determined by qPCR 
Fig. 4a and b respectively, compares the total 16S rRNA gene copy 
number (which is used as a proxy for total bacteria) and total coliform 
16S rRNA gene copy number (designed based on 16S rRNA gene 
abundance in the water sample before and after chlorine treatment 
(Bartosch et al., 2004a)). The total bacteria and coliform gene copy 
numbers (Fig. 4a and b) decreased significantly after chlorine treatment 
(t-test, two-tailed, p < 0.05). 
Overall, plate count results revealed that chlorination was able to 
eliminate 100% of culturable bacteria. Cell counts with flow cytometry 
showed a 3.3 log unit reduction in intact cells after chlorine disinfection, 
while qPCR suggests 1.51 and 1.63 log unit reduction for 16S rRNA gene 
copies from total bacteria and total coliform, respectively. These results 
suggest that, even though the disinfectant effectively inhibits bacterial 
growth, cells and their DNA can persist in the disinfected water. 
Fig. 1. a) Absolute abundance of 16S gene copies and coliform quantified with qPCR in drinking water from different parts of the globe. The data points are an 
average of technical triplicate DNA samples and error bars represent the standard deviation b) Estimated relative abundance of putative faecal indicator bacteria at 
family or genus level from 16S rRNA gene sequencing data in drinking water from different parts of the globe. The data points are an average of duplicate samples 
and error bars represent the standard deviation The total number of 16S reads sequenced per samples are reported in Table S3. Tanz, UK, BDW, PUD and TW in-
dicates Tanzania, United Kingdom, bottled drinking water, tap water disinfected at point of use and tap water, respectively. The data for Nepal_PUD, Nepal_BDW_1 
and Nepal_BDW_2 have already been reported elsewhere (Acharya et al., 2019) . 
Fig. 2. Plate counts results of water samples for heterotrophic and faecal in-
dicator bacteria (Faecal coliform, total coliform and faecal streptococci) before 
and after chlorination. ‘n d’ indicates not detected. The data points are an 
average of triplicate samples and error bars indicate the standard deviation. 
Fig. 3. Intact and damaged bacterial cell counts in the water samples before 
and after chlorine treatment determined with flow cytometry using SYBR Green 
I and Propidium Iodide as live-dead stain. The data points are an average of 
triplicate samples and error bars represent the standard deviation. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.5. Chlorination effects on microbial community composition derived 
from NGS 
The relative abundance of reads matched by the FASTQ 16S work-
flow of ONT at family level to any of the 19 families (Table S2) which are 
known to include pathogenic bacteria (Cai and Zhang, 2013; Lu et al., 
2015), was used to assess the effect of chlorine disinfection on the mi-
crobial community structure derived from DNA-based analysis. Before 
chlorine treatment, families containing putative pathogens contributed 
0.537  0.11% in relative abundance, which increased significantly to 
18.525  3.01% after chlorine treatment (Fig. 4f). Similarly, 16S rRNA 
genes assigned to the Enterobacteriaceae family, which are prevalent in 
the gut microbiome of humans and animals and mostly the target of 
coliform tests, increased in relative abundance from 0.001  0.0002% to 
0.0036  0.003% after chlorine treatment (Fig. 4d). On contrary, the 
absolute abundance Enterobacteriaceae family decreased significantly 
(Fig. 4c) after chlorine treatment (t-test, two-tailed, p < 0.05), while the 
absolute abundance of families containing putative pathogens didn’t 
change significantly (Fig. 4e) after chlorine treatment (t-test, two-tailed, 
p > 0.05). All these results align with previous findings by Batista et al. 
(2018), where a very high abundance of coliform bacteria in a water 
distribution system was detected by NGS, but none by culturing (Batista 
et al., 2018). The most notable differences were observed in the relative 
abundance of families Bacillaceae and Clostridiaceae, which increased 
significantly from 0.0219  0.011% to 16.21  3.1 and 0.0547 
0.007% to 1.25  0.57%, respectively after chlorine treatment (Fig. 5a). 
These two bacterial families mostly constitute gram-positive bacteria. 
In order to understand how chlorination may affect DNA-derived 
estimates of the absolute abundance of the putative pathogenic fam-
ilies and some of the well-known faecal indicator bacterial genera or 
families (King et al., 2019), before and after chlorine treatment, the 
relative abundance obtained from NGS were converted to absolute 
Fig. 4. (a) Total 16S rRNA gene copies 
and (b) 16S rRNA gene copies attributed 
to total coliforms before and after chlo-
rine treatment quantified using qPCR, c) 
absolute abundance of Enterobacteri-
aceae for chlorine treated and untreated 
water samples d) relative abundance of 
Enterobacteriaceae in 16S rRNA amplicon 
libraries for chlorine treated and un-
treated water samples, e) absolute 
abundance of family containing putative 
pathoges for chlorine treated and un-
treated water samples and f) relative 
abundance of family containing putative 
pathoges for chlorine treated and un-
treated water samples. The data points 
are an average of triplicate samples and 
error bars represent the standard 
deviation.   
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abundance using the 16S rRNA gene copies number determined by qPCR 
for each sample (Vignola et al., 2018b). The data are shown in Fig. 5b 
and c. Chlorination generally resulted in a decrease in the total bacterial 
abundance (Fig. 5a, b & c). Therefore, it was expected that the abun-
dance of families/genera containing putative faecal indicator bacteria 
and pathogens in the water would also decrease after the chlorine 
treatment. As expected, for the majority of these genera and families, 
absolute abundance decreased significantly with only a few exceptions, 
for example Bacilliaceae, Listeriaceae and Chlamydiaceace. 
An overall microbial community analysis is presented as a dendo-
gram and PCA plots in Fig. 6. The cluster analysis generally showed a 
separation of the microbial communities in chlorine treated and un-
treated samples, and in general agreement between replicates. In prin-
cipal component analysis (PCA, Fig. 6b), component 1 and 2 accounted 
for almost 98% of the observed variance between samples. Samples from 
chlorine treated samples were separated along component 1, while 
chlorine untreated samples along component 2. The loadings of the ten 
most notable microbial genera (i.e. variables) in the PC1 and PC2 are 
illustrated by the blue arrows in Fig. 6b. The genera such as Poly-
nucleobacter, Limnohabitans, Bacillus and Sporosarcina were influential 
for the observed variance between the chlorine treated and untreated 
samples. Especially in chlorine treatment samples, Bacillus was a pre-
dominant genus. 
4. Discussion 
Several 16S rRNA amplicon sequences retrieved from drinking water 
samples were associated with bacterial groups with public health rele-
vance. For example, a significant number of 16S rRNA reads associated 
with Legionella, Streptococcus, Enterococcus, Prevotella and Bacteroides 
were found in drinking water from different parts of the globe, including 
the UK. However, plate count results, which are commonly used to 
detect microbial hazards in drinking water, for both faecal indicator 
bacteria and heterotrophic bacteria, showed no evidence of those groups 
of bacteria being present in those disinfected water samples, which were 
therefore considered safe for drinking in the respective countries. 
Analysis of potable water with standard methods (i.e. plate count-
ing), flow-cytometer and molecular methods (i.e. NGS and qPCR) before 
and after chlorination revealed that chlorination killed or deactivated all 
the cultivable bacteria in the water, including coliform and faecal 
streptococci (Table S1, Fig. 2), while DNA associated with these group of 
bacteria was still detected with molecular methods (Figs. 1, 3, 4, 5 and 
6). With flow cytometry, both intact and damaged or injured bacteria 
(usually lacking an intact membrane but nonetheless maintaining cell 
structure) were detected. Chlorine is a strong antimicrobial substance 
which due to its oxidising capacity can kill bacteria by destroying their 
cell-wall by altering it physically, chemically, biochemically and 
inhibiting DNA synthesis, and ultimately terminating the cell’s vital 
functions (Virto et al., 2005; Gray et al., 2013). As a result, a large 
amount of dead cells with broken membranes and DNA (both 
extra-cellular and intra-cellular) will have been generated after disin-
fection, which is in line with the observed cell count results from flow 
cytometry. After chlorine treatment, it has previously been found that a 
significant number of cells were empty, lacking any recognizable nucleic 
acid or other cellular contents, and could consequently not be counted 
by any nucleic acid stains (PI, SYBR Green I) (Falcioni et al., 2008). This 
must have accounted for the significant decrease in the total cell count 
(Fig. 3) of chlorine treated water. Furthermore, both DNA and dead cells 
can persist in the environment (e.g., water and sediment) for a long time 
(Alvarez et al., 1996; Dupray et al., 1997; Nielsen et al., 2007). Overall, 
these findings suggest that both DNA and dead bacteria can persist in 
chlorinated water and cause bias in DNA-based characterisation of water 
microbiomes and waterborne hazards, as was observed in our study. 
Furthermore, the DNA-based methods cannot differentiate between 
viable and dead bacterial cells, or extracellular DNA, and therefore may 
have poor comparability with culture based techniques (Tan et al., 
2015). 
The application of 16S rRNA based approaches can only yield useful 
insight if the nuclei acid analysed accurately represent the active mi-
crobial community at the site sampled. Water samples that are dis-
infected prior to distribution and/or contain a disinfectant residual will 
contain DNA and dead or damaged biomass, and might also harbour 
Fig. 5. a) Relative abundance of families containing putative pathogens derived from 16S rRNA gene sequencing reads for chlorine treated and untreated water 
samples. Reads without barcodes were catogorised as unclassified, and can be from any samples (i.e. before chlorination and after chlorination) b) Absolute 
abundance of different families containing putative pathogens before and after chlorine treatment estimated by combining qPCR data for 16S rRNA genes and 
MinION data for 16S rRNA gene sequencing reads, and c) Estimated absolute abundance of some putative faecal indicator bacteria at family or genus level from 16S 
rRNA gene sequencing data for chlorine treated and untreated water samples. The data points are an average of triplicate samples and error bar in Fig. 6 (b) & (c) 
indicates the standard deviation. 
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viable bacteria in biofilms and the water itself, and therefore the inter-
pretation of associated public health threats is uncertain. In our study, 
bottled drinking water, water disinfected at the point of use and chlorine 
treated water, all showed presence of DNA, including from FIB, but none 
of them showed the presence of cultivable heterotrophic and faecal in-
dicator bacteria, and were deemed suitable for drinking in the respective 
countries. Therefore, culturing and flow cytometry in combination with 
DNA-based analysis will provide more robust insight than NGS alone, as 
observed in this study. 
The taxonomic analysis also revealed that chlorine treatment will 
significantly influence the microbial community structure derived from 
16S rRNA amplicon data, as indicated by significant changes in the 
percentage abundance of studied families (Fig. 4d and f). More specif-
ically, the percentage abundance of several families containing putative 
pathogens increased significantly after chlorine treatment (Fig. 5b). This 
is in line with previous reports of very high percent abundances of FIB in 
drinking water 16S rRNA amplicon libraries (Batista et al., 2018), and 
our own findings for drinking water samples (Fig. 1). Also, in the chlo-
rination experiments, Bacillaceae, Chlamydiaceae, Listeriaceae and 
Vibrionaceae were only detected in amplicon libraries after the chlorine 
treatment. PCR amplification is known to be biased against rare bacte-
rial taxa (Gonzalez et al., 2012), which may also be missed out of 
sequencing libraries due to the limited number of reads. It is possible 
that in our study, taxa from Chlamydiaceae, Listeriaceae and Vibrionaceae 
families were not detected in 16S rRNA amplicon libraries for the un-
treated water because they were rare taxa in the untreated water mi-
crobial community. While in chlorine treated water, they were detected, 
perhaps because their DNA was more resilient to disinfection meaning 
that their relative abundance had increased, facilitating PCR amplifi-
cation before sequencing and detection for a limited number of 
sequencing reads. The chlorinated water samples will have lower 
amounts of DNA overall and are therefore also susceptible to trace levels 
of DNA contaminants in extraction kits and PCR reagents, as previously 
reported (Salter et al., 2014). This suggests that chlorination has vari-
able impacts on the DNA for different types of bacteria, which is an 
important consideration for data interpretation. Studies have also shown 
that Gram-positive bacteria are in general more resistant to chlorine, as 
they can synthesise unique protein to protect their membrane or can 
form aggregation of bacteria as a mechanism of resistance to inactiva-
tion (Mir et al., 1997). Overall, these results suggest that the DNA from 
the groups of bacteria containing putative pathogens is more stable as 
compared to DNA from other groups, and therefore more likely still 
present in the water after chlorine disinfection. This may result in an 
overestimation rather than underestimation of the risks associated with 
the water before it was made drinkable by chlorination, when using NGS 
data derived from DNA from disinfected water. Such an overestimation 
would be compliant with precautionary principles for water quality 
assessment. Previous studies have indicated that gram positive bacteria 
or spore forming bacteria are more chlorine resistance than gram 
negative bacteria, and could survive after disinfection (Mir et al., 1997; 
Jiang et al., 2018). However, the absence of viable faecal streptococci in 
chlorine treated sample (Fig. 2 and Table S1), and a high percentage 
abundance of families incorporating gram-positive bacteria (i.e. Bacil-
laceae and Clostridiaceae) [Fig. 5a] suggest that some of these group of 
bacteria, at least streptococci, are still susceptible to disinfectant, but 
their DNA might not suffer as much direct DNA damage compared to 
DNA from Gram-negative bacteria. Some previous studies have shown 
that Gram-positive bacteria have an ability to form an inactive water-
proof cell-wall that protects it from being dried out or damaged, and 
resist environmental stresses such as drying, heat as well as chemical 
disinfectant (Thompson, 2012). 
The absolute abundance of the majority of studied pathogenic fam-
ilies determined by quantifying 16S rRNA gene copies revealed that the 
majority of the pathogenic families decreased significantly (Fig. 5b) 
after treatment, in line with the total number of 16S rRNA gene copy 
numbers. This suggest that, chlorination can effectively destroy or 
decrease the abundance of bacteria and their DNA from the raw water, 
but not completely eliminate their DNA from the water. This implies that 
drinking water can be a potential reservoir for different genes, including 
antibiotic resistance gene (ARGs). Previous studies have indicated that 
even if the chlorine disinfectant killed pathogenic and antibiotic resis-
tance bacteria present in the raw water used for processing, their DNA 
still persisted in the treated water and can contribute to the spreading of 
ARGs (Xi et al., 2009; Shi et al., 2013). 
5. Public health implication 
Our study shows that cultivable plate counts, qPCR, NGS and flow 
cytometry provide distinct and complementary insights which are all 
relevant to more fully understand if there is a real waterborne disease 
risk associated with disinfected water. In particular, the findings from 
our study clearly show that, inference of microbial hazards based only 
on the outcomes of NGS or qPCR performed on DNA from drinking water 
or disinfected water might not always provide a true picture of the mi-
crobial water quality. In such instance, a more refined approach may be 
required. For instant, nucleic acid extraction methods incorporating 
PMA (propidium monoazide) followed by NGS can distinguish between 
active/live and dead bacteria, and may provide an avenue for the reli-
able detection of viable waterborne pathogens in disinfected waters (Li 
et al., 2017). Similarly, NGS based on RNA can be an alternative 
approach for detection of live bacteria in water, as RNA is believed to be 
less stable than DNA in the water environment. DNA found in drinking 
water can, however, provide some qualitative insight into the quality of 
the drinking water sources. However, DNA from several faecal 
Fig. 6. Cluster analysis (a) and Principal component analysis (PCA) (b) plots of 
the microbial community dissimilarity between chlorine treated and untreated 
water samples. For PCA, the first two principal components (Component 1 and 
2) were plotted showing the scores (red and blue circles) and top 10 genera 
loadings (arrows) in the two-dimensional space. Percentage of variation 
accounted for by each principal component is shown with the axis label. AC and 
BC indicates after chlorination and before chlorination, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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indicators/pathogens was found to be more resistant to chlorination 
than that from other bacteria, so has a better chance of being still 
detectable with molecular methods following disinfection. Therefore, 
results will only be indicative for the presence of putative pathogens in 
the water sources, and the source water microbiome composition cannot 
be quantitatively inferred from DNA sampled after chlorination. 
6. Conclusions  
 NGS data allows simultaneous detection of gene fragments from 
different types of faecal indicators and putative pathogens, such as 
thermo-tolerant coliforms, faecal coliforms, Vibrio cholera, Strepto-
cocci, Bacteroides, Legionella, etc. However, challenges and un-
certainties associated with NGS and other DNA-based methods can’t 
be ignored, especially when investigating the microbial associated 
hazard of disinfected water.  
 DNA fragments are much more resilient under chlorination than 
intact cells or culturable bacteria. To robustly interpret water safety 
in disinfected water and chlorinated distribution systems, multiple 
lines of evidences, including conventional (i.e. plate count), 
advanced (flow cytometry) and molecular methods (e.g. NGS, qPCR) 
are required, such as those used in parallel in this study  
 Molecular methods have great potential for microbial water quality 
surveying in settings, where water safety is unreliable, for instance in 
natural disaster emergencies, in remote or underdeveloped areas, 
and in armed conflict zones. But complementary plate count methods 
remain essential, especially for the correct interpretation of molec-
ular data for disinfected waters 
CRediT authorship contribution statement 
Kishor Acharya: Conceptualization, Methodology, Formal analysis, 
Investigation, Writing - original draft. Franella Francos Halla: Meth-
odology, Writing - review & editing. Said Maneno Massawa: Meth-
odology, Writing - review & editing. Shaaban Mrisho Mgana: 
Supervision, Writing - review & editing. Tom Komar: Software, Formal 
analysis, Writing - review & editing. Russell J. Davenport: Supervision, 
Writing - review & editing. David Werner: Funding acquisition, Su-
pervision, Writing - review & editing. 
Declaration of competing interest 
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
Acknowledgement 
This work was funded by Engineering and Physical Sciences 
Research Council [EPSRC] (Grant number: EP/P028527/1). Additional 
support came from the UK’s Economic and Social Research Council 
(grant ES/S008179/1). 
Appendix A. Supplementary data 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2020.111319. 
References 
CDC, 2009. Turbid Water Chlorine Dosing Report Busia. Centers for Disease Control and 
Prevention (CDC) for Innovation for Poverty Action, Kenya.  
Acharya, K., Khanal, S., Pantha, K., Amatya, N., Davenport, R.J., Werner, D., 2019. 
A comparative assessment of conventional and molecular methods, including 
MinION nanopore sequencing, for surveying water quality. Sci. Rep. 9 (1), 1–11. 
Acharya, K., Blackburn, A., Mohammed, J., Haile, A.T., Hiruy, A.M., Werner, D., 2020. 
Metagenomic Water Quality Monitoring with a Portable Laboratory. Water research, 
p. 116112. 
Alvarez, A.J., Yumet, G.M., Santiago, C.L., Toranzos, G.A., 1996. Stability of manipulated 
plasmid DNA in aquatic environments. Environ. Toxicol. Water Qual.: Int. J. 11 (2), 
129–135. 
APHA, 2015. Standard Methods for the Examination of Water and Wastewater. American 
Public Health Association/American Water Works Association/Water Environment 
Federation, Washington DC.  
Arnold, B.F., Colford Jr., J.M., 2007. Treating water with chlorine at point-of-use to 
improve water quality and reduce child diarrhea in developing countries: a 
systematic review and meta-analysis. Am. J. Trop. Med. Hyg. 76 (2), 354–364. 
Bartosch, S., Fite, A., Macfarlane, G.T., McMurdo, M.E., 2004a. Characterization of 
bacterial communities in feces from healthy elderly volunteers and hospitalized 
elderly patients by using real-time PCR and effects of antibiotic treatment on the 
fecal microbiota. Appl. Environ. Microbiol. 70 (6), 3575–3581. 
Bartosch, S., Fite, A., Macfarlane, G.T., McMurdo, M.E.T., 2004b. Characterization of 
bacterial communities in feces from healthy elderly volunteers and hospitalized 
elderly patients by using real-time PCR and effects of antibiotic treatment on the 
fecal microbiota. Appl. Environ. Microbiol. 70 (6), 3575–3581. 
Batista, A.M.M., Meynet, P., Garcia, G.P.P., Costa, S.A.V., Araujo, J.C., Davenport, R.J., 
Werner, D., Mota Filho, C.R., 2018. Microbiological safety of a small water 
distribution system: evaluating potentially pathogenic bacteria using advanced 
sequencing techniques. Water Sci. Technol. Water Supply 18 (2), 391–398. 
Brandt, J., Nielsen, P.H., Albertsen, M., 2017. 11th Annual Meeting in Danish Water 
Forum. 
Cai, L., Zhang, T., 2013. Detecting human bacterial pathogens in wastewater treatment 
plants by a high-throughput shotgun sequencing technique. Environ. Sci. Technol. 
47 (10), 5433–5441. 
Chao, Y., Ma, L., Yang, Y., Ju, F., Zhang, X.-X., Wu, W.-M., Zhang, T., 2013. Metagenomic 
analysis reveals significant changes of microbial compositions and protective 
functions during drinking water treatment. Sci. Rep. 3, 3550. 
Dupray, E., Caprais, M.P., Derrien, A., Fach, P., 1997. Salmonella DNA persistence in 
natural seawaters using PCR analysis. J. Appl. Microbiol. 82 (4), 507–510. 
Eichler, S., Christen, R., Holtje, C., Westphal, P., Botel, J., Brettar, I., Mehling, A., 
Hofle, M.G., 2006. Composition and dynamics of bacterial communities of a drinking 
water supply system as assessed by RNA-and DNA-based 16S rRNA gene 
fingerprinting’, Appl. Environ. Microbiol. 72 (3), 1858–1872. 
Falcioni, T., Papa, S., Gasol, J.M., 2008. Evaluating the flow-cytometric nucleic acid 
double-staining protocol in realistic situations of planktonic bacterial death. Appl. 
Environ. Microbiol. 74 (6), 1767–1779. 
Fewtrell, L., Bartram, J., 2001. Water Quality: Guidelines, Standards & Health. IWA 
publishing. 
Gonzalez, J.M., Portillo, M.C., Belda-Ferre, P., Mira, A., 2012. Amplification by PCR 
artificially reduces the proportion of the rare biosphere in microbial communities. 
PloS One 7 (1), e29973. 
Gray, M.J., Wholey, W.-Y., Jakob, U., 2013. Bacterial responses to reactive chlorine 
species. Annu. Rev. Microbiol. 67, 141–160. 
Hammes, F., Broger, T., Weilenmann, H.U., Vital, M., Helbing, J., Bosshart, U., Huber, P., 
Peter Odermatt, R., Sonnleitner, B., 2012. Development and laboratory-scale testing 
of a fully automated online flow cytometer for drinking water analysis. Cytometry 81 
(6), 508–516. 
Harms, G., Layton, A.C., Dionisi, H.M., Gregory, I.R., Garrett, V.M., Hawkins, S.A., 
Robinson, K.G., Sayler, G.S., 2003. Real-time PCR quantification of nitrifying 
bacteria in a municipal wastewater treatment plant. Environ. Sci. Technol. 37 (2), 
343–351. 
Jiang, L., Li, M., Tang, J., Zhao, X., Zhang, J., Zhu, H., Yu, X., Li, Y., Feng, T., Zhang, X., 
2018. Effect of different disinfectants on bacterial aerosol diversity in poultry 
houses. Front. Microbiol. 9. 
King, C.H., Desai, H., Sylvetsky, A.C., LoTempio, J., Ayanyan, S., Carrie, J., Crandall, K. 
A., Fochtman, B.C., Gasparyan, L., Gulzar, N., 2019. Baseline human gut microbiota 
profile in healthy people and standard reporting template. PloS One 14 (9). 
Kostyla, C., Bain, R., Cronk, R., Bartram, J., 2015. Seasonal variation of fecal 
contamination in drinking water sources in developing countries: a systematic 
review. Sci. Total Environ. 514, 333–343. 
Kumar, M., Kuroda, K., Dhangar, K., Mazumder, P., Sonne, C., Rinklebe, J.r., 
Kitajima, M., 2020. Potential Emergence of Antiviral-Resistant Pandemic Viruses via 
Environmental Drug Exposure of Animal Reservoirs. Environmental Science & 
Technology. 
Lantagne, D.S., 2008. Sodium hypochlorite dosage for household and emergency water 
treatment. J. Am. Water Works Assoc. 100 (8), 106–119. 
Li, R., Tun, H.M., Jahan, M., Zhang, Z., Kumar, A., Fernando, W.G.D., Farenhorst, A., 
Khafipour, E., 2017. Comparison of DNA-, PMA-, and RNA-based 16S rRNA Illumina 
sequencing for detection of live bacteria in water. Sci. Rep. 7 (1), 5752. 
Liu, T., Kong, W., Chen, N., Zhu, J., Wang, J., He, X., Jin, Y., 2016. Bacterial 
characterization of B eijing drinking water by flow cytometry and M i S eq 
sequencing of the 16S rRNA gene. Ecology and evolution 6 (4), 923–934. 
Lu, X., Zhang, X.-X., Wang, Z., Huang, K., Wang, Y., Liang, W., Tan, Y., Liu, B., Tang, J., 
2015. Bacterial pathogens and community composition in advanced sewage 
treatment systems revealed by metagenomics analysis based on high-throughput 
sequencing. PloS One 10 (5), e0125549. 
Lui, G.Y., Roser, D., Corkish, R., Ashbolt, N.J., Stuetz, R., 2016. Point-of-use water 
disinfection using ultraviolet and visible light-emitting diodes. Sci. Total Environ. 
553, 626–635. 
McDonnell, G., Russell, A.D., 1999. Antiseptics and disinfectants: activity, action, and 
resistance. Clin. Microbiol. Rev. 12 (1), 147–179. 
K. Acharya et al.                                                                                                                                                                                                                                
Journal of Environmental Management 276 (2020) 111319
9
McLaughlin, L.A., Levy, K., Beck, N.K., Shin, G.-A., Meschke, J.S., Eisenberg, J.N., 2009. 
An observational study on the effectiveness of point-of-use chlorination. J. Environ. 
Health 71 (8), 48. 
Mir, J., Morato, J., Ribas, F., 1997. Resistance to chlorine of freshwater bacterial strains. 
J. Appl. Microbiol. 82 (1), 7–18. 
Mohamed, H., Brown, J., Njee, R.M., Clasen, T., Malebo, H.M., Mbuligwe, S., 2015. 
Point-of-use chlorination of turbid water: results from a field study in Tanzania. 
J. Water Health 13 (2), 544–552. 
Mohapatra, S., Sargaonkar, A., Labhasetwar, P.K., 2014. Distribution network assessment 
using EPANET for intermittent and continuous water supply. Water Resour. Manag. 
28 (11), 3745–3759. 
Nielsen, K.M., Johnsen, P.J., Bensasson, D., Daffonchio, D., 2007. Release and persistence 
of extracellular DNA in the environment. Environ. Biosaf. Res. 6 (1–2), 37–53. 
Oliveira, M., Nunes, M., Crespo, M.T.B., Silva, A.F., 2020. The Environmental 
Contribution to the Dissemination of Carbapenem and (Fluoro) Quinolone 
Resistance Genes by Discharged and Reused Wastewater Effluents: the Role of 
Cellular and Extracellular. DNA’, Water Research, p. 116011. 
Pinto, A.J., Xi, C., Raskin, L., 2012. Bacterial community structure in the drinking water 
microbiome is governed by filtration processes. Environ. Sci. Technol. 46 (16), 
8851–8859. 
Revetta, R.P., Pemberton, A., Lamendella, R., Iker, B., Santo Domingo, J.W., 2010. 
Identification of bacterial populations in drinking water using 16S rRNA-based 
sequence analyses. Water Res. 44 (5), 1353–1360. 
Salter, S.J., Cox, M.J., Turek, E.M., Calus, S.T., Cookson, W.O., Moffatt, M.F., Turner, P., 
Parkhill, J., Loman, N.J., Walker, A.W., 2014. Reagent and laboratory contamination 
can critically impact sequence-based microbiome analyses. BMC Biol. 12 (1), 87. 
Shi, P., Jia, S., Zhang, X.-X., Zhang, T., Cheng, S., Li, A., 2013. Metagenomic insights into 
chlorination effects on microbial antibiotic resistance in drinking water. Water Res. 
47 (1), 111–120. 
Sobsey, M., Handzel, T., Venczel, L., 2003. Chlorination and safe storage of household 
drinking water in developing countries to reduce waterborne disease. Water Sci. 
Technol. 47 (3), 221–228. 
Tan, B., Ng, C.M., Nshimyimana, J.P., Loh, L.-L., Gin, K.Y.-H., Thompson, J.R., 2015. 
Next-generation sequencing (NGS) for assessment of microbial water quality: current 
progress, challenges, and future opportunities. Front. Microbiol. 6, 1027. 
Thompson, K., 2012. ’Understanding the physiology of healthcare pathogens for 
environmental disinfection’ [research]. Infection control today. Available at: https 
://www.infectioncontroltoday.com/environmental-hygiene/understanding-physio 
logy-healthcare-pathogens-environmental-disinfection. 
Vignola, M., Werner, D., Hammes, F., King, L.C., Davenport, R.J., 2018a. Flow- 
cytometric quantification of microbial cells on sand from water biofilters. Water Res. 
143, 66–76. 
Vignola, M., Werner, D., Wade, M.J., Meynet, P., Davenport, R.J., 2018b. Medium shapes 
the microbial community of water filters with implications for effluent quality. 
Water Res. 129, 499–508. 
Virto, R., Manas, P., Alvarez, I., Condon, S., Raso, J., 2005. Membrane damage and 
microbial inactivation by chlorine in the absence and presence of a chlorine- 
demanding substrate. Appl. Environ. Microbiol. 71 (9), 5022–5028. 
Walton, D.A., Ivers, L.C., 2011. Responding to cholera in post-earthquake Haiti. N. Engl. 
J. Med. 364 (1), 3–5. 
Wang, F., Li, W., Li, Y., Zhang, J., Chen, J., Zhang, W., Wu, X., 2018. Molecular analysis 
of bacterial community in the tap water with different water ages of a drinking water 
distribution system. Front. Environ. Sci. Eng. 12 (3), 6. 
Werner, D., Valdivia-Garcia, M., Weir, P., Haffey, M., 2016. Trihalomethanes formation 
in point of use surface water disinfection with chlorine or chlorine dioxide tablets’. 
Water Environ. J. 30 (3–4), 271–277. 
WHO, 2017. Guidelines for Drinking-Water Quality: Fourth Edition Incorporating the 
First Addendum. 
WHO, 2019. Drinking water. Available at: https://www.who.int/news-room/fact-sheets 
/detail/drinking-water. 
Wright, J., Gundry, S., Conroy, R., 2004. Household drinking water in developing 
countries: a systematic review of microbiological contamination between source and 
point-of-use. Trop. Med. Int. Health 9 (1), 106–117. 
Xi, C., Zhang, Y., Marrs, C.F., Ye, W., Simon, C., Foxman, B., Nriagu, J., 2009. Prevalence 
of antibiotic resistance in drinking water treatment and distribution systems’, Appl. 
Environ. Microbiol. 75 (17), 5714–5718. 
Zhang, J., Zhu, C., Guan, R., Xiong, Z., Zhang, W., Shi, J., Sheng, Y., Zhu, B., Tu, J., 
Ge, Q., 2017. Microbial profiles of a drinking water resource based on different 16S 
rRNA V regions during a heavy cyanobacterial bloom in Lake Taihu, China’. Environ. 
Sci. Pollut. Control Ser. 24 (14), 12796–12808. 
K. Acharya et al.                                                                                                                                                                                                                                
